Machined chips of a magnesium ally were repeatedly recycled by hot extrusion at 673 K, and mechanical and corrosion properties of the recycled specimens were investigated. At room temperature, the recycled specimen with a high repeated number showed high 0.2% yield stress and high tensile strength but low elongation at room temperature. The main strengthening mechanism of the repeatedly recycled specimen was grain refinement strengthening. Inhomogeneous distribution of oxide contaminants adversely affected the elongation. At elevated temperature, the recycled specimen showed low strength and low elongation as the recycling was repeated. The recycled specimen by a single extrusion exhibited a superior corrosion resistance to the reference specimens. On the other hand, the repeatedly recycled specimen showed poor corrosion properties even though a large amount of oxides is contaminated. The deteriorated corrosion properties are caused by the excessive iron contamination which promotes pitting sites resulting from localized galvanic corrosion sites.
Introduction
Magnesium alloys are currently the lightest alloys used as structural metals and their products have been applied for structural uses such as electric appliance cases 1) and automobile parts. 2) In order to obtain further demands of magnesium alloys, it is necessary not only to attain good characteristics, high strength, high corrosion resistance, etc., but also to develop useful recycling processes. Some recycling processes such as remelting [3] [4] [5] [6] have been proposed and carried out.
Recently, a solid-state recycling has been proposed as a new method for magnesium alloy scraps, [7] [8] [9] [10] [11] [12] [13] [14] [15] where magnesium scraps such as machined chips are directly recycled by hot extrusion without remelting. Because microstructural control such as grain refinement and dispersion of contaminants can be achieved due to severe deformation during recycling, the recycled materials show excellent mechanical properties of high strength, 14) ductility, 11) and superplasticity. 10, 11) Furthermore, it has been reported that the recycled specimen possessed superior corrosion resistance compared with the reference ones. 15) On the other hand, it was reported that oxide contamination in the recycled specimen deteriorates elongation especially at elevated temperature. 10, 11) In the current studies, there were few quantitative evaluations for effects of the contamination level on mechanical and corrosion properties of the recycled specimen. It will be valuable to investigate relationships between these properties of the recycled specimen with a large amount of contaminants and their contamination level because the contamination tolerance of the recycled specimen can be estimated. In the present research, magnesium alloy machined chips are repeatedly hot extruded in order to accumulate contaminations in the recycled specimens, and mechanical properties and corrosion properties of the recycled specimens are investigated. Then, effects of the contamination level on these properties are discussed.
Experimental Procedure
Machined chips with average dimensions of 12 mm Â 1:9 mm Â 80 mm of AZ31 (Mg-3 mass%Al-1 mass%Zn-0.5 mass%Mn) magnesium alloy, as shown in Fig. 1 (a) were prepared as scraps by machining an as-received ingot in a lathe. They were filled into a cylindrical container with a diameter of 40 mm. After the container filled in scraps was hold at 673 K during 1 h in air, hot extrusion was carried out at extrusion ratio of 45:1. Diameter of the extruded bars was 6 mm. Furthermore, fan shaped machined chips with average thickness of 77 mm, radius of 3.0 mm and angle of 247 degree, as shown in Fig. 1(b) , were prepared again by machining the recycled extruded bar in a lathe. Hot extrusion was carried out again with the same condition. These operations were repeated three or five times. Here after, the repeatedly recycled specimen with the repeated number of one, three and five is called 1-recycled, 3-recyled and 5-recyclced specimen, respectively. For comparison, a reference specimen was processed from an as-received AZ31 magnesium alloy ingot by a single extrusion under the same conditions as used for the extrusion from the scraps.
Tensile specimens with 2.5 mm in gage diameter and 7 mm in gage length were machined from the extruded bar. Tensile tests were carried out at room temperature and 573 K with an initial strain rate of 1:7 Â 10 À3 s À1 . The tensile direction was parallel to the extrusion direction.
For corrosion testing, cylindrical specimens with a diameter of 6 mm and a length of 40 mm were used. The specimens were abraded with grit 1000 SiC paper and degreased in ethanol. Salt immersion tests were then performed for 3 days in 5 mass% NaCl solution saturated with Mg(OH) 2 , whose pH was 10.0, exposed to the ambient laboratory temperature. After testing, corrosion products were stripped in boiling chromic acid solution (110 g CrO 3 /L water), and the corrosion rate was determined from measurements of weight loss.
Microstructures of the extruded specimens were observed by optical microscopy (OM), and oxygen images in the recycled specimens were detected by Electron Probe X-ray Micro Analyzer (EPMA). Oxygen concentration in the specimens was measured by glow discharge mass spectrometry (GDMS), and concentrations of the other elements were detected by inductively coupled plasma atomic emission spectrometry (ICP-AES).
Results and Discussion

Microstructure and oxide contamination
Microstructures of an as-received AZ31 magnesium alloy ingot and machined chips just before extrusion are shown in Fig. 2 . The as-received ingot showed duplex microstructure with average grain size of 85.5 mm. On the other hand, the machined chips showed small exquiaxed grain of 11.3 mm. It might be caused by introduction of severe plastic strain during machining. 16) Microstructures of the recycled specimens and the reference specimen are shown in Fig. 3 . The grain size of the reference specimen was 13.3 mm. The as-received ingot prior to hot extrusion showed a larger grain size of 85.5 mm, indicating that grains were refined by dynamic recrystallization 17, 18) during hot extrusion. The grain size of all the recycled specimens was smaller than that of the reference specimen, indicating that the initial grain size of machined chips affected the grain size of the recycled specimens, and that oxide contaminants suppressed a grain growth during hot extrusion. It is interest to note that the recycled specimens with a large repeated number showed smaller grain size. The grain size of the 1-recycled specimen, the 3-recycled specimen and the 5-recycled specimen was 7.8, 4.8 and 3.8 mm, respectively. It is well known that high dislocation density is generated by machining process. 16) One of reason for the grain refinement of the repeatedly recycled specimen would be severe deformation with a high density of dislocations by repeated machining process. Figure 4 shows oxygen images by EPMA for the recycled Mechanical and Corrosion Properties of AZ31 Magnesium Alloy Repeatedly Recycled by Hot Extrusionspecimens. In the case of the 1-recycled specimen, the strong oxygen peaks were observed parallel to the extrusion direction. The layers of oxygen peaks are due to the oxide contaminants which are introduced from the machined-chip surface. 11, 14) The interval of the strong oxygen peaks was about 20 mm. In the 3-recycled specimen and the 5-recycled specimen, it became narrower compared with that of the 1-recycled specimen. The oxide contaminants were discontinuously distributed. Another reason for the fine grain size of the repeatedly recycled specimen is likely due to the narrower interval of the oxide contaminants which inhibit grain growth during hot extrusion.
The oxygen concentration of the 1-recycled specimen, the 3-recycled specimen, the 5-recycled specimen and the reference specimen detected by GDMS was 878, 3193, 6699, 7.1 mass ppm, respectively. That is, it remarkably increased as the recycling was repeated. Then, the relationship between the accumulation level of oxide contaminations and the total surface area of the machined chips introduced in the recycled specimen was possibly estimated because oxide contaminants are introduced from the machined-chip surface. It was assumed that a shape of the machined chips is rectangular for the first extrusion and fan shape for after the second extrusions. Figure 5 shows the relationship between the accumulated oxygen concentration in the recycled specimens and the total surface area of the machined chips in the recycled specimen per unit volume. As a reference, the concentration for the reference specimen was also plotted. The accumulated oxygen concentration linearly increased with the total surface area of the machined chips in the recycled specimen. This tendency well agreed with those of the recycled aluminum alloy specimens. 19) Figure 6 shows tensile properties at room temperature of the recycled specimens and the reference specimens. The 1-recycled specimen showed a good combination of 0.2% yield stress of 256 MPa, tensile strength of 320 MPa and elongation to failure of 17% compared with those of the reference specimen whose 0.2% yield stress was 240 MPa, tensile strength was 312 MPa and elongation to failure was 18%. It should be noted that 0.2% yield stress and tensile strength increased with a repeating number of hot extrusion.
Tensile properties
In general, the relationship between yield stress and grain size can be given as the Hall-Petch relation:
where y is a yield stress for a polycrystalline, 0 is a yield stress for a single crystal, d is a grain size and K is a constant depending on a material. The Hall-Petch relation for the specimens in this study is shown in Fig. 7 . It can be seen that the data fit a line, suggesting that the dispersed oxides had few effects on the particle-dispersion strengthening of the recycled specimens. In the previous study, 14) a recycled AZ31 magnesium alloy by severe deformation such as hot extrusion with a high extrusion ratio of 1600 showed much higher 0.2% yield stress and tensile strength than reference specimens. The high strength of the recycled specimen with the high extrusion ratio was attributed not only to a grain refinement strengthening, but also to a particle-dispersion strengthening. On the other hand, Fig. 7 indicates that oxide contaminants in the repeatedly recycled specimen do not contribute to a particledispersion strengthening even though a large amount of oxide contaminants is introduced. Figures 4(b) and (c) showed nondispersed region of oxides and localized large oxide contaminants in the 3-recycled specimen and the 5-recycled specimens. The reason why a particle-dispersion strengthening was not attained for the repeatedly recycled specimens despite a large amount of oxide contamination would be insufficient to the homogeneous dispersion of oxide contaminants.
Elongation of the recycled specimens got worse by repeating the recycling even though the repeatedly recycled specimens showed fine grain size. 20) Andrew et al. 21) investigated mechanical properties of recycled magnesium alloys by remelting process, reporting that non-metallic inclusions deteriorate its elongation, especially in case that non-metallic inclusions are heterogeneously distributed in recycled specimens including the oxygen concentration of around 1000 mass ppm. Therefore, the deterioration of elongation of the repeatedly recycled specimen is caused by localized large oxide particles which induce a premature fracture. Figure 6 summarizes that ambient oxide contamination in the 1-recycled specimen attributes to a high yield stress and a high strength, but excessive contamination in the repeatedly recycled specimen contributes to only a grain refinement strengthening and adversely affects the elongation.
Tensile properties of the recycled specimens at testing temperature of 573 K are shown in Fig. 8 . 0.2% yield stress and tensile strength of the recycled specimens showed lower stress compared with those of the reference specimen, and decreased with repeating the recycling. In general, a grainrefined magnesium alloy showed a low flow stress because a grain boundary sliding easily occurs. 22) The low flow stress of the repeatedly recycled specimen is due to the small grain size.
The recycled specimens at elevated temperature showed a lower elongation compared with that of the reference specimen independently on the repeated number. That is due to the cavity nucleation which is stimulated by oxide contaminants. 10) Previous research 11) also predicted that there is a critical condition of the permissible contamination concentration for high formability, below which adverse effects of contamination are negligible and high formability is attained, but above which formability is reduced, for a recycled magnesium alloy. The reason why elongation of the recycled specimens was almost the same independently on the repeated number is likely that the oxide contamination level exceeds the permissible contamination concentration for a high formability.
Corrosion properties
Side surfaces of the AZ31 magnesium alloy specimens after 3 days of immersion are shown in Fig. 9 , where (a) is the 1-recycled, (b) is the 3-recycled, (c) is the 5-recycled and (d) is the reference specimen. There were less pitting sites at surfaces attacked by salt immersion for the 1-recycled specimen compared with the reference specimen. However, the pitting sites increased with a repeating number of the recycling.
The corrosion rates, which are determined from the weight loss after the 3 day immersion tests, for AZ31 magnesium alloy specimens are listed in Table 1 . Clearly, the 1-recycled specimen exhibited a superior corrosion resistance to the reference specimens. Previous research 15) revealed that the superior corrosion resistance of the 1-recycled specimens is related to the presence of oxides distributed parallel to the extrusion direction. The networks of tube-like oxide layers which cover the Mg matrix effectively serve as a corrosion barrier. 15) On the other hand, corrosion properties of the repeatedly recycled specimens showed poorer corrosion properties than the reference specimen even though the oxygen contamination level is much higher than that of the 1-recycled specimen.
The chemical compositions of the recycled specimens and the reference specimen for AZ31 Mg alloy are listed in Table 2 . For reference, the data of JIS standard AZ31 B 23) is also given in Table 2 . It is known that metals with low hydrogen overvoltage constitute efficient cathodes and cause severe galvanic corrosion of magnesium. For example, impurities of iron, nickel, copper and cobalt significantly accelerate corrosion even at concentrations less than 0.2%. 24) One of the candidate contaminants during solid-state recycling is iron because of the invasion of iron from containers during extrusion. As shown in Table 2 , iron concentrations of the recycled specimens increased as the recycling was repeated. When the repeated number of the recycling was set to more than three, the iron concentration exceeded the limit defined by JIS standard (¼ 0:005%). Furthermore, it is known that the iron-manganese ratio (Fe/Mn ratio) should be less than 0.032. 25) The Fe/Mn ratio was 0.026 for the 3-recycled specimen and 0.039 for the 5-recycled specimen, respectively. It is apparent that the iron contamination level can not be negligible for the 5-recycled specimens. Thus, it is Fig. 7 The variation between the grain size and the yield stress of the recycled specimens and the reference specimen for AZ31 magnesium alloy. suggested that excessive iron contaminations in the repeatedly recycled specimen would promote the nucleation of pitting sites resulting from localized galvanic corrosion sites as shown in Fig. 9 .
Thus, the repeatedly recycled specimen showed poor corrosion properties even though a large amount of oxide is contaminated. Oxide layers in the repeatedly recycled specimens showed discontinuous distribution compared with the 1-recycled specimen as shown in Fig. 4 . This indicates that the repeated recycling did not necessarily accumulate continuous networks of tube-like oxide layers covering the magnesium matrix. The reason why the oxide contaminants in the repeatedly recycled specimen can not play an important role as corrosion barrier would be responsible for discontinuous networks of oxide layer. Anyway, it is conclusively demonstrated that the repeatedly recycled specimen shows deteriorated corrosion properties. This is due to the excessive iron contamination which promote pitting sites resulting from localized galvanic corrosion sites.
Conclusion
Mechanical and corrosion properties of AZ31 magnesium alloy repeatedly recycled by hot extrusion were investigated. The results are summarized as follows.
(1) Microstructure of the repeatedly recycled specimens was refined as the recycling was repeated. The reasons for the grain refinement of the repeatedly recycled specimen would be severe deformation with a high density of dislocations by repeated machining process and dispersed oxide contaminations which inhibit the grain growth during hot extrusion. (2) The repeatedly recycled specimens showed high 0.2% yield stress and high tensile strength but low elongation at room temperature. The main strengthening mechanism of the repeatedly recycled specimen was grain refinement strengthening. The dispersed oxides in the repeatedly recycled specimen had few effects on the particle dispersion strengthening. Inhomogeneous distribution of oxide contaminants in the repeatedly recycled adversely affected the elongation. (3) 0.2% yield stress and tensile strength of the repeatedly recycled specimen decreased with repeating the recycling at elevated temperature. Elongation of the recycled specimens at elevated temperature deteriorated compared with the reference specimen. The recycled specimens showed almost the same elongation independently on the repeated number of the recycling. (4) The 1-recycled specimen exhibited a superior corrosion resistance to the reference specimens. On the other hand, the repeatedly recycled specimen showed poor corrosion properties even though a large amount of oxide is contaminated. The deteriorated corrosion properties depend on the excessive iron contamination which promotes pitting sites resulting from localized galvanic corrosion sites.
